INTRODUCTION
The individual stall for keeping dry sows during gestation is the most controversial issue facing the swine industry. The stall has certain advantages, including control of individual feeding and preventing aggression, but it restricts sows from performing certain behaviors (i.e., turning around). The European Union directive (EU directive 2001/88/CE) stipulates that pregnant sows can only be kept in stalls from 4 wk after service to 1 wk before farrowing, and the minimal space requirement for a pen is 2.25 m 2 /sow. Despite these EU regulations, the acceptable fl oor space for dry sows in pens and fl oor feeding has not been scientifi cally defi ned on the basis of multiple measures of well-being. ABSTRACT: Different fl oor space allowances for dry, pregnant sows in pens were evaluated to determine the impacts of space on sow behavior, immune, and cortisol measures. The experiment consisted of 6 replications (blocks 1 to 6; n = 20 sows/group), and within each replicate, physiological measurements were recorded for 2 consecutive pregnancies. A total of 152 sows were measured at 1 gestation, and 65 of those sows were measured at the successive gestation (n = 217). Groups of 5 sows/ pen were assigned to 1.4, 2.3, or 3.3 m 2 of fl oor space/ sow or of 5 sows in individual stalls (1.34 m 2 ). Behavior measures were stand, sit, lie, walk, drink, oral-nasalfacial (ONF), sham chew, and aggression. Immune traits included both descriptive and functional aspects and cortisol. At d 90 ± 5 of gestation, the occurrence of ONF behaviors increased from 0300 to 1500 h, and lying behavior decreased from 0700 to 1100 h for sows kept at 2.3 m 2 . Sows in stalls displayed more (P < 0.05) ONF from 1500 to 2300 h. Stand, sit, drink, ONF, and shamchew behaviors were affected by fl oor space; sows in pens at 2.3 m 2 performed more ONF, and sows at 1.4 m 2 performed more sham chewing (P < 0.05). Standing (P = 0.05) and drinking (P = 0.06) were increased, but lying (P = 0.06) was reduced for sows in pens at 2.3 or 3.3 m 2 . Sitting and drinking were greater but lying was less for sows in stalls compared with sows in pens (P < 0.01). Immune traits were affected by treatment (P < 0.05); neutrophils were less and lymphocytes were greater, resulting in a reduced neutrophil:lymphocyte (N:L) ratio (P < 0.05) for sows in pens at 3.3 m 2 . Natural killer cell was greater but lymphocyte proliferation was less for sows in pens at 1.4 m 2 (P < 0.05). Sows in stalls had greater N:L ratio than sows in pens (P < 0.05). For sows in pens, linear and quadratic responses were detected for behavior and immune traits. As fl oor space increased, walking and aggression increased. As fl oor space decreased, neutrophils, N:L, and natural killer cell increased, but as fl oor space increased lymphocyte proliferation increased. On the basis of behavioral and physiological responses shown by sows in all 4 environments it is apparent that neither fl oor space nor stall environment provided adequate or quality of space to improve sow well-being. However, the differential behavioral and physiological mechanisms initiated by sows in response to their specifi c environment the sows were able to evoke the appropriate response(s) needed to adequately adapt to their environment.
To date, most scientifi c reviews of dry-sow-keeping systems indicate the welfare of sows kept in stalls and group pens is equivalent (reviewed by McGlone et al., 2004; Rhodes et al., 2005; Curtis et al., 2009) . Specifi cally, a meta-analysis by McGlone et al. (2004) reported the average stereotypes, cortisol, and immune function are statistically similar between sows in stalls vs. group pens. Some studies have shown that sows in stalls express more oral-nasal-facial (ONF; Vieuille- Thomas et al., 1995; Karlen et al., 2007; Chapinal et al., 2010) but sows in pens are more aggressive (Arey and Edwards, 1998; Curtis et al., 2009; Remience et al., 2008) . Regardless of housing system, sows must respond to various environmental challenges by evoking biological responses, including behavioral and physiological changes in attempting to adapt to their environment. A range of indicators must be used when evaluating the appropriate environment for an animal (Broom, 1997) because adaptation strategies differ across environments.
The primary objective of this study was to determine the impacts of fl oor space allowance for dry sows in pens (group size constant) and fl oor feeding on behavior and immune traits. Moreover, differential effects of keeping sows in individual stalls vs. pens on those traits were evaluated.
MATERIALS AND METHODS

Animals, Housing, and Experimental Design
The University of Illinois Institutional Animal Care and Use Committee approved the animal protocol for this experiment. Crossbred parity 1 (fi rst-pregnancy gilts; n = 69), 2 (62), 3 (44), and ≥4 (42) sows (n = 217) derived from Pig Improvement Company (PIC) genetic lines kept at the University of Illinois Swine Research Center were used to compare keeping sows in pens with various fl oor spaces or in individual stalls during pregnancy.
All sows were artifi cially inseminated within 24 h after estrus onset and again 24 h later. Pregnancy was diagnosed at d 25 postbreeding using an Aloka 500V ultrasound machine (Aloka Inc., Tokyo, Japan) for transabdominal examinations, with a 3.5-MHz convex linear array transducer. All newly bred sows (or gilts) were kept in stalls until the experiment started, and once confi rmed to be pregnant, all animals were moved to their respective assigned treatment locations on the basis of BW and parity. All sows were kept in individual stalls after their previous litters (if any) had been weaned.
Twenty sows per group were randomly selected and allotted to 1 of 4 space treatments: 5 sows in a pen at 1) 1.4 m 2 /sow, 2) 2.3 m 2 /sow, or 3) 3.3 m 2 /sow or 4) 5 sows in 5 respective individual stalls (each 2.12 m long × 0.61 m wide) at 1.34 m 2 per sow. All pens were 4.12 m long, so pen widths for respective treatments were 1) 1.62 m, 2) 2.80 m, and 3) 3.98 m. Flooring was partially slatted concrete, with a section of solid concrete for feeding, and individual stalls had fully slatted fl oors equipped with concrete feeding troughs.
The experiment consisted of 6 replications over time (replicates 1 through 6), and within each replicate (n = 5 sows/space treatment; total n = 20 sows/replicate), measurements were made at 2 consecutive parities, with 1 exception. For 1 replicate, measurements were made only at 1 farrowing because the majority of the sows at the second farrowing for that replicate, regardless of treatment, were, for undetermined reasons, open at d 25 postbreeding. A total of 152 sows were measured at farrowing 1, and 65 of those sows were measured at the successive farrowing (n = 217 records). The gestational periods for respective groups were presented in SalakJohnson et al. (2007) . If a sow was culled from a treatment group at the end of the fi rst lactation, a new sow was added to that treatment group for the next farrowing to keep subsequent group size constant.
Sows remained in their assigned gestation treatment group until approximately gestation d 110, when they were moved to the farrowing facility. In the farrowing room, all sows were placed in individual stalls (each 2.12 m long × 0.61 m wide) at 1.34 m 2 /sow with Tenderfoot fl ooring (Tandem Products, Inc., Minneapolis, MN), where they remained until the piglets were weaned at 17 to 19 d of age, whereupon sows were returned immediately to the breeding area.
Sows were kept in a well-insulated, mechanically ventilated, closed house during breeding and gestation periods. During winter months, the unit heater thermostat located 1.5 m above the fl oor in the gestation room was set at 21°C ± 1°C. Sows were individually fed a diet formulated to meet or exceed established nutrient allowances (NRC, 1998) . During gestation, each sow was fed a 2.5 kg/d corn-soy-based diet having a calculated composition (as-fed basis) of 12.5% CP and a calculated ME density of 3,300 kcal/kg. All sows were fed between 0700 and 0730 h each day. Sows in stalls were individually fed. Sows in pens were fed as a group on the solid-fl oor section and were offered 2.5 kg of diet per sow. Each pen and each stall were equipped with 1 nipple waterer. Lactating sows were fed for ad libitum intake a corn-soy-based diet with a calculated composition (as-fed basis) of 16% CP and 3,426 kcal ME/kg. Cross-fostering did occur in this study following standard operating procedures of the farm, but it occurred rarely and was random.
Behavior
For the comparison among sows across all 4 space treatments, the number of times a sow performed a spe-cifi c behavior (Table 1 ) was registered using a 5-min scan over six 4-h periods on d 95 ± 5 of gestation (only used for this comparison). All sows in each pen or stall were observed. Data were divided into six 4-h time periods across 24 h: periods 1 (0300 to 0700 h), 2 (0700 to 1100 h), 3 (1100 to 1500 h), 4 (1500 to 1900 h), 5 (1900 to 2300 h), and 6 (2300 to 0300 h). These time periods were chosen to refl ect daily activity cycles of the sows. For comparison among sows kept in pens at 3 different fl oor space allowances a more detailed behavioral analysis was obtained. Behavioral frequencies and durations were registered using continuous sampling over a 24-h period on d 90 ± 5 of gestation using video records (Pelco TLR3096 time-lapse video recorder, Pelco, Clovis, CA) from a subsample of sows (n = 15 sows/gestation space treatment). Three focal animals per pen of equal parity distribution were identifi ed via unique paint markings and assessed over 2 consecutive parities. Both duration and frequency of behaviors were analyzed from behavioral ethogram for these sows, which included drinking, eating, standing, sitting, lying, ONF on either pen fl oor or bars, sham-chewing, and aggressive behaviors (Table 1) . Video records were viewed and registered in real time using Observer software (Noldus, Wageningen, the Netherlands) to determine total frequency and duration of each behavior included in Table 1 .
Blood Sample Collection and Analysis
All sows were nose snared, and ~20 mL of blood was collected via jugular venipuncture using Vacutainers (Becton Dickinson, Franklin Lakes, NJ) containing either sodium heparin or EDTA (the procedure lasted <2 min) at postbreeding d 25 (before imposition of gestation treatment), 30, 90, 108 , and 110 at 0700 h for immune traits. Prolactin was measured only on d 110 of gestation.
Total white blood cell counts (WBC) were made electronically using a Coulter Z1 particle counter (Beckman Coulter, Miami, FL) by adding 10 μL of whole blood to Isofl ow (10 mL; Beckman Coulter), and red blood cells were lysed with Zap-oglobin (Beckman Coulter). Whole-blood smears were made, fi xed in methanol, stained with a Hema 3 staining system (Fisher Scientifi c, Houston, TX), and viewed under a light microscope to determine leukocyte differential counts.
For functional immune assays, whole blood was diluted with Roswell Park Memorial Institute medium (RPMI; Gibco, Carlsbad, CA) layered over Histopaque 1077 (density = 1.077 g/mL; Sigma Aldrich, Saint Louis, MO) and 1119 (density = 1.119 g/mL; Sigma Aldrich) and centrifuged at 700 × g for 30 min at 25°C. Lymphocytes were removed from the 1077 layer, and neutrophils were removed from the 1119 layer. Isolated cells were washed twice in RPMI, resuspended, and counted. For neutrophils, red blood cells were lysed. Cell concentrations were adjusted with RPMI on the basis of the respective requirements of the specifi c immune assays.
Immune Assays
To assess innate immune status of sows, neutrophil chemotaxis and phagocytosis and natural killer cell (NK) cytotoxicity were measured. Neutrophil chemotaxis was measured using an assay previously described by Salak et al. (1993) . Briefl y, neutrophils were used at a concentration of 3 × 10 6 cells/mL. Both recombinant human complement-5a (10 −7 M; Sigma Aldrich) and recombinant human IL-8 (100 μg/mL; Sigma Aldrich) were used as chemoattractants. Neutrophil phagocytosis was measured using a fl ow cytometry-based assay as previously described by Jolie et al. (1997) with minor modifi cations as described by Niekamp et al. (2006) . Fluorescent beads were preincubated for 30 min with non-heat-inactivated porcine serum, then beads were added to samples at a 10:1 (beads:neutrophils) ratio, and samples were incubated for 45 min. The percentage of engulfment of beads by cells was evaluated using a fl ow cytometer.
Natural killer cell cytotoxicity was measured using a commercially available nonradioactive cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN), as described previously by Sutherland et al. (2005) . Briefl y, porcine lymphocytes were used as effector cells, and K-562 chronic human myelogenous leukemia cells (American Tissue Type Culture Collection, Manassas, VA) were used as target cells. Lymphocytes were adjusted to 1 × 10 7 cells/mL, K-562 cells were adjusted to a constant 10,000 cells/well, and samples were run in triplicate at effector (lymphocytes) to target cell (K-562) ratios of Combination of lying and sitting, excluding eat, drink, and oral-nasal-facial 12.5:1, 25:1, 50:1, and 100:1, respectively. Plates were read using a microplate reader (BIO-TEK Instruments, Winooski, VT) at a wavelength of 490 nm and a reference wavelength of 690 nm. Percent cytotoxicity was calculated as described by Lumpkin and McGlone (1992) , and an assay was considered valid if maximum release divided by spontaneous release was ≤20%.
To assess adaptive immune status of sows, mitogeninduced lymphocyte proliferation assay was performed using a CellTiter 96 nonradioactive cell proliferation assay (Promega, Madison, WI) following the manufacturer's protocol with minor modifi cation as previously described by Sutherland et al. (2005) . Briefl y, porcine lymphocytes were pipetted in triplicate into a sterile 96-well fl at-bottom plate at cell concentration of 5 × 10 6 cells/mL. Concanavalin A (ConA; Sigma Aldrich) and lipopolysaccharide (LPS; Sigma Aldrich) were used as mitogens (0, 25, and 50 μg/mL) to stimulate T and B cells, respectively. Plates were incubated for 68 h at 37°C in a 5% CO 2 humidifi ed incubator, 20 μL of 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT; Sigma Aldrich) were added to each well, and the plates were incubated for 4 h. Acidifi ed isopropanol (100 μL of 0.1 N HCl in anhydrous isopropanol) was added, and the plates were incubated overnight at 37°C and then read using a microplate reader (BIO-TEK Instruments) at a wavelength of 550 nm with a reference wavelength of 690 nm. The results are expressed as a proliferation index: Optical density (550/690 nm) stimulated cells ÷ Optical density (550/690 nm) nonstimulated cells.
Plasma Analysis
Total porcine IgG was measured using an ELISA as previously described by Morrow-Tesch et al. (1994) , with minor modifi cations as described by Niekamp et al. (2006) . Briefl y, plasma samples were diluted 1:3,000 in 0.5% Tween-PBS. In duplicate, 120 μL of diluted sample or standard were added to 96-well microtiter plates coated with porcine IgG (Jackson Immunoresearch, West Grove, PA). Rabbit anti-pig IgG (120 μL; Sigma Aldrich) was added; plates were incubated for 2 h at 25°C and then washed 3 times with 0.05% Tween-PBS. Enzyme-linked goat anti-rabbit IgG (200 μL; Jackson Immunoresearch) was added at 1:7,500 dilution. The plates were incubated for 1 h, decanted, and then washed 3 times. Substrate solution (200 μL; 1 mg/ mL p-nitrophenyl phosphate; Sigma Aldrich) was added, and after 30 min, the reaction was stopped with 100 μL of 2M NaOH. The plates were read using a microplate reader (BIO-TEK Instruments) at a wavelength of 405 nm. A standard curve (0, 0.1, 0.5, 1, 5, 10, 20, and 40 μg of IgG/mL) was used to estimate total plasma IgG.
Mean intra-and interassay CV were 6.1% and 16.2%, respectively.
Plasma cortisol was measured using a commercially available RIA cortisol kit (Coat-A-Count; Siemens Diagnostic Products, Los Angeles, CA). Intra-and interassay CV were 6.9% and 16.0%, respectively, and the minimal detectable concentration was 2 ng/mL. Prolactin was measured by RIA using a specifi c antiporcine prolactin antibody in a modifi cation of the assay previously described by Miller et al. (1999) and validated by Niekamp et al. (2006) . The primary antibody (pPRL AFP-0842255Rb; NHPP and NIDDK, Torrance, CA) was diluted to a 1:50,000 working solution and a fi nal dilution of 1:200,000. Porcine serum depressed binding in parallel to the standard curve. Mean intraand interassay CV were 8.5% and 16.4%, respectively, and assay sensitivity averaged 0.54 ng/mL.
Statistical Methods
The distribution of all measurements was tested for normality using the Kolmogorov-Smirnov and ShapiroWilk tests and visual inspection of the quantile-quantile plot of the standardized data against the standard normal distribution (normal probability plot). The majority of immune traits exhibited a skewed distribution, and thus, a natural-logarithmic transformation was applied to these variables to facilitate the interpretation of results. Following the analysis of the same experimental design described by Salak-Johnson et al. (2007) , this linear mixed effects model was used to analyze the blood measurements:
The model included the fi xed effects factors of 4 space treatments (i = pens at 1.4, 2.3, or 3.3 m 2 /sow or stall), parity (P; 4 levels: j = 1 to ≥4), day of measurement (D; k = from d 25 to 110 of gestation), treatment × parity, treatment × day, parity × day, and the covariate of the corresponding blood measurement at d 25 of gestation (b l = baseline measurement; d0 = start of the experiment, and β is the slope or change in the response variable per unit change in the baseline). A random effect of replicate (6 levels: r = 1 to 6) was included in the model to account for potential environmental and management differences across groups. With respect to the variance-covariance matrix of the residuals (e ijklm ), a repeated-measurements structure was used to model the measurements taken across measurements within a sow and parity and accounting for potential heterogeneity of variance and covariances across space levels using an unstructured variance-covariance matrix specifi cation. The experimental unit was sow because the measurements corresponding to space level stall were from a single sow or experimental unit per stall. The heterogeneity of variance accommodates potential differences in variation across space levels, including those due to different numbers of sows per enclosure (stall or pen). The model for the behavior measurements was similar to that used for the immune traits, although instead of the covariate blood measurement and the factor day of the measurement, the covariate for behavior measurements was sow BW at d 110 and hour of day (time periods of 4 h each, total of 6 daily time periods) behavioral observations were included in the model. Higher-order model terms that were nonsignifi cant (P > 0.05) were removed from the model. Estimates were obtained using PROC MIXED (SAS Inst. Inc., Cary, NC), and pairwise comparisons between factor levels including Scheffé's multiple test adjustment and both linear and quadratic orthogonal contrasts on treatment were computed.
RESULTS
Space treatment × time period (6 time periods, each time period equals 4 h) interaction occurred for frequency (number/4-h time period) of lying and ONF behaviors (Figure 1 ; P < 0.05). During time periods 1, 2, and 3, frequency of lying was less (P ≤ 0.01) for sows housed in stalls compared with sows in at least 1 or all space treatments ( Figure 1A) . During 0700 to 1100 h (period 2) frequency of lying was greater (P < 0.05) for sows kept at 1.4 and 2.3 m 2 than for sows kept at 3.3 m 2 fl oor space ( Figure 1A) . During 0300 to 0700 h (period 1) ONF behavior was greater (P < 0.05) for sows housed at 2.3 m 2 than for sows in other pen space treatments, whereas sows in pens at all 3 fl oor space treatments performed more (P < 0.05) ONF behavior during 0700 to 1100 h (period 2) than sows housed in stalls ( Figure 1B ). During periods 2 and 3, sows kept at 3.3 m 2 performed less (P < 0.05) ONF behavior than did sows housed at either 1.4 or 2.3 m 2 ( Figure 1B ). There was no space treatment × time period interaction (P > 0.10) for any of these behaviors during periods 4, 5, and 6, with the exception of ONF behaviors. Sows housed in stalls performed more (P < 0.05) ONF behavior during 1500 to 2300 h (periods 4 and 5) than sows in other space treatment (Figure 1b) .
There was a parity × day of gestation interaction for ConA-induced lymphocyte proliferation, with lower-parity (1 and 2) sows having greater (P < 0.05) ConA-induced lymphocyte proliferation compared with greater-parity (≥3) sows on d 30 of gestation. There were no space treatment × parity or space treatment × day of gestation interactions for or main effects of parity on any immune, endocrine, or behavioral traits assessed in this study.
Main Gestation Treatment Effects
Mean frequencies of behaviors are presented in Table 2 . Lying, sitting, and ONF behavior were all affected by gestation space treatment (P < 0.05). Lying was greater (P < 0.05) among sows in pens at 3.3 m 2 than among sows in stalls (Table 2 ). Sows in stalls had more frequent sitting bouts (P < 0.001) than did sows in pens at 1.4, 2.3, or 3.3 m 2 . Sows housed in pens at 2.3 m 2 performed more (P = 0.01) ONF behavior compared with sows in pens at 3.3 m 2 (1.3 ± 0.2 occurrences/h). All other behaviors were similar among sows across all space treatments. Sows housed in stalls were observed Figure 1 . A) Lying and B) oral-nasal-facial (ONF) behaviors over time of day by housing system. The gestation space treatment × time period interaction was signifi cant (P < 0.001) for each behavior. Stalled sows showed less lying behavior during periods 1, 2, and 3, and penned sows at 3.3 m 2 showed more. Penned sows showed more ONF behavior during periods 1, 2, and 3, and stalled sows showed more during periods 4 and 5. Data represent pregnant sows from 6 complete blocks. SE = pooled SE. Pen treatments = groups of 5 sows; stall = individually stalled sows but in groups of 5 per stall. Time periods were divided into six 4-h time periods across 24 h: periods 1 (0300 to 0700 h), 2 (0700 to 1100 h), 3 (1100 to 1500 h), 4 (1500 to 1900 h), 5 (1900 to 2300 h), and 6 (2300 to 0300 h).
sitting and drinking more (P ≤ 0.001) and lying less (P = 0.01) than sows housed in pens, regardless of fl oor space treatment (Table 2) .
Probability values and means for gestation space effects on sow immune traits are presented in Table 3 . Percentages of neutrophils (P = 0.012), lymphocytes (P = 0.03), LPS-induced lymphocyte proliferation (P = 0.06), and NK cytotoxicity (P = 0.05) were affected by gestation space treatment. Neutrophils (%) were greater (P < 0.01), but lymphocytes (%) were less (P < 0.05) among sows that gestated in stalls compared with sows in pens at 3.3 m 2 fl oor space (Table 3) . Hence, sows kept in stalls had a greater (P < 0.05) neutrophil:lymphocyte (N:L) ratio than did sows kept at 3.3 m 2 of fl oor space.
Percent NK cytotoxicity was greater (P < 0.05) and LPSinduced lymphocyte proliferation was less (P < 0.05) among sows kept at 1.4 m 2 than among sows at other space treatments (Table 3) . Mean plasma cortisol tended to be less (P = 0.08) for sows kept in stalls compared with sows in other space treatment. Sows in stalls had more neutrophils (number and percentage) and fewer lymphocytes (%) and a greater N:L ratio than sows kept in pens, regardless of fl oor space (P < 0.05; Table 3 ). Moreover, sows in stalls had greater neutrophil phagocytosis (%) and lymphocyte proliferation than sows in pens (P < 0.05). All other immune traits and prolactin concentration were similar (P > 0.10) among sows in all space treatments. 1 Means (nontransformed) ± SE.
2 WBC = white blood cell; LPS = lipopolysaccharide; ConA = concanavalin A; NK = natural killer; C5a = complement 5a.
3 Stall vs. pen: contrast between stall and the weighted average of the 3 pens. 4 Samples from d 110 of gestation only.
Effects of Floor Space
Probability values and means for gestation fl oor space effects on frequencies (number/24 h) and durations (seconds) of sow behavior among group-kept sows are presented in Table 4 . Floor space affected both frequency and duration of standing and walking. Sows kept at 2.3 m 2 displayed more and longer bouts of standing (P = 0.05) and walking (P < 0.10) than did sows in pens at either 1.4 or 3.3 m 2 of fl oor space. Drink behavior was less (P ≤ 0.06) among sows housed in pens at 1.4 m 2 (Table 4) . Duration of lying tended to be greater (P = 0.06) among sows in pens at 1.4 m 2 than among sows at 2.3 or 3.3 m 2 .
Amount of fl oor space affected frequency (P = 0.001) and duration (P = 0.06) of ONF behavior, with sows housed in pens at 1.4 m 2 displaying fewer instances of and shorter duration of ONF behavior toward pen fl oor than sows at either 2.3 or 3.3 m 2 of fl oor space (Table 4) . Sows in pens kept at 2.3 m 2 of fl oor space had more ONF bouts directed toward the pen fl oor than sows in other pen space treatment groups (Table 4 ; P < 0.001). Conversely, sows housed in pens at 1.4 and 3.3 m 2 of fl oor space spent more time sham chewing than sows in pens at 2.3 m 2 (P < 0.01; Table 4 ). There was no signifi cant fl oor space effect on frequency or duration of aggressive encounters.
There were signifi cant linear and quadratic effects of fl oor space on sitting, walking, ONF, sham-chewing, and aggressive behaviors among sows kept in pens at different fl oor spaces. Walking (P = 0.005) among sows increased in a linear fashion as fl oor space increased, but sitting (P < 0.05) among sows responded in a quadratic manner, with those sows kept at 2.3 m 2 sitting the least. Aggressive behavior also increased (P < 0.05) in a linear fashion as fl oor space increased, but ONF and shamchewing behaviors performed by sows responded in a quadratic manner (P < 0.05).
Only LPS-induced lymphocyte proliferation and NK cytotoxicity were affected by fl oor space allowance among sows in pens (P < 0.05), with sows at 3.3 m 2 of fl oor space having greater (P < 0.05) LPS-induced lymphocyte proliferation than sows in pens at 1.4 m 2 . Natural killer cell cytotoxicity was greater (P < 0.05) among sows kept at 1.4 m 2 than among sows in pens at either 2.3 or 3.3 m 2 of fl oor space. There was no significant fl oor space treatment effect on any other immune traits.
There were signifi cant linear effects of fl oor space on neutrophils, N:L, LPS-induced lymphocyte proliferation, and NK cytotoxicity among sows kept in group pens at different fl oor space allowances. Both neutrophils (%) and N:L ratio decreased in a linear fashion as fl oor space increased (P < 0.05). Lymphocyte proliferation (in response to LPS) increased in a linear fashion as fl oor space increased (P < 0.01), whereas NK cytotoxicity increased as fl oor space decreased (P < 0.01).
Sow BW on d 110 of gestation infl uenced many immune variables, including total WBC, percentages of different leukocyte populations, N:L ratio, neutrophil phagocytosis, and lymphocyte proliferation. Percentages of lymphocytes (P < 0.05) and monocytes (P < 0.05) and LPS-induced lymphocyte proliferation (P = 0.05) were all less as sow BW increased; hence, for these immune traits, lighter sows had greater immune status. Conversely, as sow BW increased, total WBC counts (P < 0.05), percentage of neutrophils (P = 0.001), N:L ratio (P < 0.05), neutrophil phagocytosis (P < 0.01), and ConA-induced lymphocyte proliferation (P < 0.05) all increased; hence, for these immune traits, heavier sows had greater immune status. 
DISCUSSION
Assessing the well-being of gestating sows in different housing environments requires an integrative approach measuring behavioral, physiological, and health responses to assess biological functioning and or adaptability of the sow. Housing systems used for keeping dry sows are complex; they include more than just a pen or an individual stall. Many housing components, including feeding system, fl oor space, group size, and social dynamics, just to name a few, act as challenges within the environment of the sow that may cause stress. The sow has evolved mechanisms to adapt to and cope with these challenges. The results of this study suggest that sows in all 4 gestation environments displayed different biological responses (e.g., behavioral, immunological, or a combination) in an attempt to adapt to and cope with the environment. It has been hypothesized that differences in behavioral patterns among sows housed in different environments may vary on the basis of other housing component systems, such as the feeding system, bedding, or social components, rather than simply a stall vs. a pen (Dailey and McGlone, 1997; McGlone et al, 2004; Chapinal et al., 2010) . Meunier-Salaun and Dantzer (1990) reported that once pigs go beyond their adaptive capability threshold, behavioral alterations may occur, resulting in negative consequences on health and performance. On the basis of this assumption, our data imply that sows were able to initiate an appropriate and adequate biological response to their environment that enabled them to adapt without deleterious effects on health and well-being.
Behavior serves as an interface between an animal and its environment, and this relationship is affected by internal and external factors. Behavior is often used as an indicator of welfare problems; however, behavior is also the most biologically economical mechanism available to an animal in attempt to adapt to and cope with environmental challenges or stressors. A pig investigates its environment mainly with its face, mouth, and nose and the associated senses of vision, taste, and smell, so it naturally shows much ONF activity. Some ONF patterns (e.g., sham chewing and bar biting, especially around feeding time) are presumed to be affect displays, particularly when they are classifi ed as stereotypic. Stereotypies are repetitive, relatively invariable sequences of nonfunctional behaviors that may indicate reduced well-being (Mason, 1993; Broom and Fraser 2007) . Moreover, stereotypies are, by defi nition, trills; however, not all trills are stereotypies. Researchers have found that stereotypic behavior (e.g., bar biting) is more prevalent among sows housed in stalls as opposed to sows kept in group pens (Broom et al., 1995; Vieulle-Thomas et al., 1995) . More recently, Chapinal et al. (2010) found that sows in pens (20 sows/pen) fed using a Fitmix system performed less sham chewing and nonfeeding ONF behaviors than sows in stalls or pens fed with a trickle system. Still others found no differences in ONF behavior among sows housed in pens or stalls and fed using single-drop or trickle feeding systems (Hulbert and McGlone, 2006) . We found that ONF behaviors (pre-and postfeeding), sham chewing, and drinking behaviors performed by sows housed in pens and fed on the pen fl oor were affected by the amount of fl oor space available. Sows housed in pens at moderate fl oor space (2.3 m 2 ) may have been in a heightened state of arousal based on their behavioral response (ONF, standing, and lying behaviors). They displayed greater total ONF behavior as well as greater pre-and postfeeding ONF behaviors. More specifi cally, these sows performed longer and more frequent bouts of ONF behavior and standing but fewer lying bouts during a 24-h period. Lawrence and Terlouw (1993) suggested that a greater arousal state prevents sows from resting, and Von Borell and Hurnick (1991) suggested the animals that perform the most ONF behaviors are the same animals that are observed standing more.
The presence of greater stereotypies may be indicative of an inadequate social or physical environment (Barnett et al., 2001) or an increase in brain stress neuropeptides, specifi cally corticotrophin releasing factor (CRF; Salak-Johnson et al., 1997) , the peptide that activates the hypothalamic-pituitary-adrenal (HPA) axis. Behavioral sequences are not often summarized in studies of sow behavior, but behavioral sequences may provide insight into complex effects of environments on brain and behavior. Salak-Johnson et al. (2004) showed that the trill ONF behavior stand is a reliable indicator of activation of brain CRF, and Hulbert and McGlone (2006) further validated this theory. Sows housed in pens and fed with either drop or trickle feeding systems may have experienced increased brain CRF because they displayed increased ONF behavior-stand trill. We did not summarize behavioral sequences in this study, but our data would support this theory on the basis of the behavioral responses evoked among sows housed in pens at 2.3 m 2 . It is plausible that during the 0300 to 1500 h period, CRF was increased in these sows and may partially explain the increase in the expression of ONF and standing behaviors. Another possibility is that this increase in ONF behavior and activity among these sows is indicative of an increase in exploratory behavior and a decrease for sows housed at the restricted fl oor space. Weng et al. (1998) indicated that as fl oor space increased, the time sows spent rooting progressively increased and time spent sitting and standing progressively decreased. However, the sows housed at moderate fl oor space actually spent more time standing, and this behavior coincid-ed with the increase in ONF behavior. Moreover, none of the sows had access to straw or any other manipulable substrate; it is unlikely that either 1.4 or 2.3 m 2 of fl oor space was enough quality of space to increase exploratory behaviors, and the restricted fl oor space may have hindered the expression of these behaviors.
The activation of the HPA axis in response to stressors is an important adaptation and coping mechanism that occurs in response to environmental challenges. Upon activation of the HPA axis, CRF and cortisol are released and can impact virtually all biological functions affected by stress, including the immune system (Moberg, 2000; McEwen and Wingfi eld, 2003) .The immune system is one of the mechanisms that organisms have developed to defend against environmental challenges and other perceived threats. Both major and minor stressful events can have direct adverse effects on a variety of immunological mechanisms. In general, acute stress may suppress, enhance, or have no effect on the immune system, whereas chronic stress can suppress the immune system. Plasma cortisol and changes in leukocyte populations are the most common physiological parameters used to measure farm animal welfare (Terlouw et al, 1997; McGlone et al., 2004; Trevisi and Bertoni, 2009) . However, most studies have found no difference in plasma cortisol (von Borell et al., 1992; Tsuma et al., 1996; Pol et al., 2002; Geverink et al., 2003) or immune activity, more specifi cally N:L ratio (Von Borell et al., 1992; McGlone et al., 1994; Broom et al., 1995; Hulbert and McGlone, 2006) among sows housed in stalls or pens. Contrary to these fi ndings we did fi nd differences in cortisol, neutrophil and lymphocyte populations, and N:L ratio, with those sows housed at the greatest fl oor space allowance having the lowest N:L ratio but the greatest plasma cortisol. The increase in the N:L ratio among sows housed in other space treatment groups is surprising because N:L ratio is a classic acute stress response. Thus, it is possible that these acute measures may not be the most appropriate measures for assessing well-being of dry sows in different housing environments.
Interestingly, sows housed at different fl oor spaces had different immunological responses based on the housing environment they were kept in. The immune profi le of sows, especially those housed in pens with the least fl oor space and stalls, may be indicative of a physiological stress response, but for these sows this was the most appropriate response that enabled them to adapt to their environment. Sows housed in this particular environment (pens at 1.4 m 2 ) may have required an immunological response more than a behavioral response to establish homeostasis. The immunological response was unique, stimulated NK cytotoxicity (innate immunity) and less stimulated B-cell response (adaptive immunity), which could be representative of an attempt to balance the T-helper 1 (Th1) and T-helper 2 (Th2) immune response. It has been proposed that stress disrupts the balance between Th1 and Th2 in an attempt to achieve homeostasis; thus, if an adequate shift in the balance is achieved, then health is not compromised (Elenkov and Chrousos, 2002) . Cortisol has been shown to infl uence production of Th1 and Th2 cytokines, thus infl uencing the type of immune response that will prevail because the cytokine profi le provides the link between innate and adaptive immune systems (Elenkov et al., 1999) . Moreover, an immune response, as a biological mechanism in response to stressors, has a biological cost associated with it. However, it seems likely that the increase in lying and the decrease in standing, walking, and ONF behaviors was the energetic trade-off to support the immune response for these sows, especially because their performance and productivity was similar to sows in other housing environments (Salak-Johnson et al., 2007) . These sows had stimulated NK activity but less stimulated LPS-lymphocyte proliferation (B cells) and no changes in ConA-induced lymphocyte proliferation (T cells), which may imply that these sows required a shift in Th1 or Th2 to achieve adaptability in their housing environment without compromising well-being.
Finally, we speculate on the basis of the physiological and behavioral responses displayed by sows housed in gestation stalls compared with sows housed in group pens that sows in stalls may require a different series of behavioral and physiological adaptation responses than sows kept at greater space allowances. The appropriate biological response(s) or coping strategy is initiated by an animal in an attempt to minimize the biological cost and maximize their ability to adapt to their environment. The chief behavioral constraint due to the structure of a stall is the limitation of sow movement, such that standing and lying behaviors and other postural behaviors may affect displays that refl ect sow comfort and satisfaction. Lying decreased but sitting increased, resulting in different behavioral responses displayed by these sows than sows housed at the minimal and maximal fl oor space in pens. The ability to stand up and lie down was positively related to sow space, and the wider the stall, the more time sows spent lying in full recumbency (Anil et al., 2002) . Also, DeDecker et al. (2009) found that sows kept in a modifi ed gestation stall (adjustable width) sat more after fl oor space was increased than sows kept in a standard gestation stall (fi xed width), implying that postural behaviors may be affected also by the amount of fl oor space available in a stall environment, not just a pen environment. Sows in stalls had different behavioral patterns in their expression of ONF and drink behaviors. Sows in stalls were observed performing ONF behavior at all 6 time periods with no variation in the frequency of ONF behavior across the 24-h period. Sows housed in stalls never performed more ONF behavior than sows housed in pens at 2.3 m 2 of fl oor space. Interestingly, the diurnal pattern of the expression of ONF behaviorsfor sows in stalls was opposite of sows in pens. Sows housed in stalls performed more nonfeeding ONF behavior from 1500 through 2300 h, whereas sows in pens did not display much (if any) ONF behavior during this time period. Moreover, sows in stalls also had different immunological responses than sows housed in pens, especially when compared with sows at the greatest fl oor space. They had an increased N:L ratio, which is indicative of acute stress, and had an increase in neutrophil phagocytosis and LPS-induced proliferation responses. Again, these sows, similar to the sows in the group pens, initiated different behavioral and immunological responses that may have enabled them to adapt to their environment without negative consequences to sow well-being.
In conclusion, the environments evaluated here affected behavioral and immunological responses of the dry sow. The observed changes in behavior patterns and immune status indicated that sows may have adapted to their housing environments with minimal consequences because health, performance, and reproductive effi ciency were not affected (Salak-Johnson et al., 2007) . It is plausible that the different behavioral and immunological responses evoked by sows in these different housing environments were specifi c to the perceived challenges within their specifi c housing environment. These biological responses seemed to be indicative of the wide regulatory range of allostatic mechanisms that enabled the sows to successfully adapt. Allostasis involves the whole brain and body and is regulated by the attempt of the brain to alter and sustain behavioral and physiological adjustments in response to changing environments and challenges as environments and other life history stages of the animal change. Only conditions that produce high (overstimulated) or extremely low (understimulated) allostatic load may threaten animal health and well-being (Korte et al., 2007) . Nevertheless, of all the housing environments evaluated here, no 1 system excelled by improving or compromising sow health or well-being in production agriculture.
